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ORIGINAL ARTICLE 

Antipsychotics and the gut microbiome: olanzapine-induced 
metabolic dysfunction is attenuated by antibiotic administration 
in the rat 

KJ Davey 1 ' 2 , PD Cotter 1 ' 3 , O O'Sullivan 1 ' 3 , F Crispie 3 , TG Dinan 1 ' 4 , JF Cryan 1 ' 5 and SM O'Mahony 1,5 

The atypical antipsychotic olanzapine is often associated with serious metabolic side effects including weight gain and increased 
visceral fat. These adverse events are a considerable clinical problem and the mechanisms underlying them are multifactorial and 
poorly understood. Growing evidence suggests that the gut microbiota has a key role in energy regulation and disease states such 
as obesity. Moreover, we recently showed that chronic olanzapine altered the composition of the gut microbiome in the rat. It is 
thus possible that treatments that alter gut microbiota composition could ameliorate olanzapine-induced weight gain and 
associated metabolic syndrome. To this end, we investigated the impact of antibiotic-induced alteration of the gut microbiota on 
the metabolic effects associated with chronic olanzapine treatment in female rats. Animals received vehicle or olanzapine 
(2 mg kg ~ 1 per day) for 21 days, intraperitoneal injection, two times daily. Animals were also coadministered vehicle or an antibiotic 
cocktail consisting of neomycin (250 mg kg ~ 1 per day), metronidazole (50 mg kg ~ 1 per day) and polymyxin B (9 mg kg ~ 1 per day) 
by oral gavage, daily, beginning 5 days before olanzapine treatment. The antibiotic cocktail drastically altered the microbiota of 
olanzapine-treated rats, and olanzapine alone was also associated with an altered microbiota. Coadministration of the antibiotic 
cocktail in olanzapine-treated rats attenuated: body weight gain, uterine fat deposition, macrophage infiltration of adipose tissue, 
plasma free fatty acid levels, all of which were increased by olanzapine alone. These results suggest that the gut microbiome has a 
role in the cycle of metabolic dysfunction associated with olanzapine, and could represent a novel therapeutic target for preventing 
antipsychotic-induced metabolic disease. 
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INTRODUCTION 

Olanzapine (OLZ) and other atypical antipsychotics are associated 
with a constellation of serious metabolic side effects including 
weight gain, increased visceral fat and glucose dysregulation. 1,2 
These adverse effects lead to comorbidities such as Type 2 diabetes 
mellitus and cardiovascular disease, as well as contributing to the 
poor treatment adherence rates seen in schizophrenia. 3,4 

Overall, cardiometabolic disease is the major cause of morbidity 
and mortality in patients with schizophrenia. 5,6 Thus, tackling 
the causes of metabolic disease in schizophrenia is a clinical 
imperative, and ways to attenuate the metabolic effects of 
antipsychotics is a top priority in this regard. 7 At present, a 
limited number of interventions exist for tackling antipsychotic- 
induced metabolic dysfunction and available agents, such as the 
antidiabetic drug metformin, are inadequate. 8 Hence, novel 
approaches to prevent or attenuate these adverse effects are 
desperately strived for. 

The mechanisms underlying antipsychotic-induced weight gain 
and metabolic dysfunction are not fully understood but involve 
both central and peripheral mechanisms which converge to 
produce metabolic dysfunction. 9,10 Initial increases in body weight 
are primarily driven by increases in appetitive drive 11 due to 
antagonism of multiple central receptors including 5-HT 2c , 
histamine hh and dopamine D 2 . 12-14 



OLZ, and other antipsychotics, can however cause metabolic 
dysregulation independently of effects on body weight. 15 In 
particular, increased visceral fat mass, a key component in the 
development of metabolic disease, has been seen in the absence 
of overt weight gain following OLZ treatment in both clinical and 
preclinical studies. 16,17 

The gut microbiota comprises the approximately 100 trillion 
bacteria (as well as fungi, archaea and viruses) that have 
coevolved with the human host to live symbiotically in the 
gastrointestinal tract. 18 Recently, the gut microbiota has received 
increasing attention as its potential role in several disease states 
has emerged, spurred on by technological advances in methods 
to monitor and evaluate the microbiota composition. 19 

The critical role played by the gut microbiota in normal 
weight gain and fat deposition was demonstrated in seminal 
studies by Gordon and co-workers using germ-free mice (mice 
lacking any microbiota). 20,21 Germ-free mice have 40% less total 
body fat than conventionally raised mice, and are resistant to 
diet-induced obesity. 20,21 The same group also found that 
obese mice have an 'obese-associated microbiome' consisting of 
proportional shifts in the two most abundant phyla of bacteria — 
firmicutes (increased) and bacteriodetes (decreased). A link 
between obesity and the composition of the gut flora in 
humans has also been found 22,23 
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The gut microbiota is therefore now recognised as an exciting 
therapeutic target 24,25 and investigations of agents such as 
antibiotics and probiotics in metabolic disease and obesity have 
produced encouraging results in animal models. 26,27 

Recently, our lab found an altered faecal microbiota profile in 
rats chronically treated with OLZ, suggesting that the gut 
microbiota may be directly or indirectly involved in certain 
aspects of OLZ's metabolic effects. 28 To investigate this possibility 
further, in the present study we used a cocktail of broad-spectrum 
antibiotics to examine if marked alteration of the gut microbiota 
would affect the metabolic side effects induced by OLZ. 



MATERIALS AND METHODS 

Animals 

Female Sprague-Dawley rats, 6 weeks old and weighing approximately 
200 g were used (Harlan, Derby, UK). Female rats are used as they have 
been shown by us and others to better reflect the elevated weight gain 
induced by atypical antipsychotics clinically. 28,29 Animals were allowed to 
habituate to the facility for 10 days. Animals were housed 5 per cage 
(56 x 38 x 17cm 3 ) and allowed access to standard chow and water ad 
libitum. Animals were maintained on a 12 h light-dark cycle, lights on 0730 
hours. All experiments were approved by the Animal Experimentation 
Ethics Committee (AEEC) of University College Cork and carried out in 
accordance with the Cruelty to Animals Act 1876 and European Directive 
86/609/EEC on the protection of animals used for experimental and other 
scientific purposes. 



OLZ administration 

OLZ (Discovery Fine Chemicals, Wimborne, UK) was dissolved in a minimal 
amount of glacial acetic acid (approx. 0.1 ml), made to volume with sterile 
water and pH adjusted to 6.0 with 0.1 m NaOH. Animals received 2 mg kg ~ 1 
per day. Vehicle (VEH) consisted of sterile water acidified with 0.1 ml of 
glacial acetic acid and pH adjusted to 6.0 with 0.1 m NaOH. Drug solutions 
were prepared daily and administered via intraperitoneal injection, two 
times daily, for 21 days, with the first injection between 0900 and 1000 
hours and the second between 1600 and 1700 hours. Dose and regimen of 
OLZ treatment was selected based on previous studies from our group and 
others, in which they were found to best represent the clinical setting in 
terms of inducing side effects 28,29 



Antibiotic cocktail administration 

Neomycin (250mgkg _1 ), metronidazole (50mgkg _1 ) (Discovery Fine 
Chemicals) and polymyxin B (9mgkg~ 1 ) (Sigma-Aldrich, Buchs, Switzer- 
land) were dissolved in sterile water and sonicated for lOmin to ensure 
complete dissolution. The antibiotic cocktail (ABX) was administered once 
daily per os in a volume of 4 ml kg -1 and was prepared fresh daily. 
Antibiotics and their doses were chosen to target the entire gut microbiota 
and were also based on published studies demonstrating that this cocktail 
effectively sterilises the gastrointestinal tract of rats. 30 



Treatment groups 

Animals received either VEH or ABX for 5 days before the commencement 
of OLZ or VEH treatment and on all subsequent days. After the initial 5 
days animals received OLZ (2 mg kg ~ 1 per day) or VEH for 21 days. Hence, 
there were four treatment groups: (1) VEH + VEH; (2) VEH + ABX; 
(3) OLZ + VEH and (4) OLZ + ABX. Groups were weight matched before 
study commencement to eliminate any bias of baseline weight. N = 9/10. 



Animal behaviour 

To assess possible effects of sedation, animals performed a 30min 
locomotor test 2 days before being killed. The test was performed 
under low lighting (100 Ix) to minimise any freezing effect. The animals 
were placed in a rectangular container (60 x 50 x 40 cm 3 ) and behaviour 
was recorded via an overhead camera. Data were analysed using a 
tracking software system (Ethovision, Noldus, The Netherlands). During 
the locomotor test, faecal output was recorded as a measure of 
gastrointestinal health. 
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Sample collection 

All animals were fasted overnight (16h) before being killed. Periuterine fat 
was quickly and carefully dissected and weighed to the nearest 0.001 g. 
Trunk blood was collected in ethylenediamine tetraacetic acid-coated tubes 
and centrifuged at 6000r.p.m. for 15min at 4°C Plasma supernatant was 
then aliquoted and frozen. A sample of periuterine fat and frontal lobe of 
the liver were snap frozen. All samples were stored at -80°C for later 
analysis. 

Gut microbiota analysis 

For analysis of the microbial community composition, total DNA was 
extracted from faecal pellets collected directly from the rats one day 
before being killed (n = 6) using the QIAamp DNA stool mini kit according 
to the manufacturer's instructions (Qiagen, West Sussex, UK) coupled with 
an initial bead-beating step. Universal 16s rRNA primers, designed to 
amplify from highly conserved regions corresponding to those flanking the 
V4 region were used for Taq-based polymerase chain reaction amplifica- 
tion: forward primer F1 (5'-AYTGGGYDTAAAGNG-3'); reverse primers R1 
(5'-TACCRGGGTHTCTAATCC-3'), R2 (5' -TACCAG AGTATCTAATTC-3'), R3 
(5'-CTACDSRGGTMTCTAATC-3') and R4 (5'-TACNVGGGTATCTAATC-3') 
(RDP's Pyrosequencing Pipeline: http://pyro.cme.msu.edu/pyro/help.jsp). 
Sequencing was performed on a Roche 454 GS-FLX using Titanium 
chemistry by the Teagasc454 Sequencing Platform (454 Life Sciences, 
Branford, CT, USA). Resulting raw sequences reads were quality trimmed as 
described previously 31 Trimmed FASTA sequences were then BLASTed 32 
against a previously published 16s rRNA-specific database 33 using default 
parameters. The resulting BLAST output was parsed using MEGAN. 34 
MEGAN assigns reads to National Center for Biotechnology Information 
taxonomies by using the Lowest Common Ancestor algorithm. Bit scores 
were used from within MEGAN for filtering the results before tree 
construction and summarisation. A bit score of 86 was selected as 
previously used for 16s ribosomal sequence data. 33 Phylum and family 
counts for each subject were extracted from MEGAN. Clustering and alpha 
diversities were generated with the MOTHUR software package (provided 
free of charge by Dr Patrick Schloss from the Department of Microbiology 
& Immunology at the University of Michigan, Ml, USA). 

Plasma analysis 

Insulin was measured using a commercially available enzyme-linked 
immunosorbent assay (Mercodia, Uppsala, Sweden). Glucose was mea- 
sured using a colorimetric assay (Bioassays Systems, Hayward, CA, USA). 
The quantitative insulin sensitivity check index (QUICKI) was calculated as 
the inverse log of the sum of fasting plasma insulin and fasting plasma 
glucose. 35 Plasma free fatty acids (FFAs) were measured using a 
commercially available colorimetric assay (Bioassay Systems). All samples 
were analysed in duplicate. 

Gene expression analysis 

Total RNA was extracted using a commercially available kit (Qiagen, 
Valencia, CA, USA). mRNA was reverse transcribed using a high-capacity 
cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA) 
in a G-Storm thermocycler (G-Storm, Ringmer, East Sussex, UK). Gene 
expression was analysed by qualitative real-time polymerase chain 
reaction using TaqMan Gene expression assays and the AB7300 system 
(Applied Biosystems). The expression of each gene was normalised to f>- 
actin. All samples were analysed in triplicate. 

Statistical analysis 

Data are expressed as mean ± s.e.m. Body weight change was analysed 
using two-way repeated measures analysis of variance and a Greenhouse- 
Geisser sphericity correction was applied. Two-way analysis of variance was 
used for the analysis of periuterine fat, gene expression and plasma 
analysis. Where a significant overall effect was observed, further analysis 
was carried with Fisher's least significant difference test. A P-value <0.05 
was considered statistically significant. 

RESULTS 

Gut microbiota 

As expected, administration of ABX resulted in considerable 
changes in the abundance of all major bacterial phyla (Figure 1). 
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Figure 1. Effect of olanzapine (OLZ) coadministered with vehicle 
(VEH) or an antibiotic cocktail (ABX) on the faecal microbiota of 
female rats. N = 6. 



OLZ treatment resulted in a trend for increased abundance of 
the major phyla Firmicutes (82.9% versus 76.5%) and reductions in 
the phyla Bacteriodetes (10.0% versus 14.3%) compared with 
VEH + VEH-treated animals (Figure 1). Intriguingly, coadministra- 
tion of ABX resulted in the opposite trend in the OLZ + ABX group, 
with reduced Firmicutes (66.7% versus 82.9%) and increased 
Bacteriodetes (18.9% versus 10.0%) compared with OLZ + VEH- 
treated animals (Figure 1). 

Body weight 

OLZ administration had a significant effect on body weight 
change (F(1 ,34) = 14.91, P<0.001) and there was significant 
OLZ x ABX interaction (F(1,34) = 8.71, P<0.01). An OLZ-induced 
increase in body weight was evident on days 7, 14 and 21 
(P< 0.001). Animals receiving OLZ + ABX had significantly lower 
weight gain compared with OLZ + VEH on days 14 and 21 
(P<0.05) (Figure 2a). 

Area under the curve analysis shows animals receiving OLZ + 
VEH had significantly greater weight gain overall compared with 
VEH + VEH (P< 0.001) and OLZ + ABX-treated rats (P<0.05) 
(Figure 2b). 

Food intake 

Animals receiving OLZ + VEH had significantly increased food 
intake during the first 2 weeks of OLZ treatment. OLZ-induced 
increase in food intake was not affected by antibiotic coadminis- 
tration (Supplementary Figure 1). 

Locomotor activity and faecal output 

OLZ administration was associated with reduced locomotor 
activity that was not affected by coadministration of ABX. ABX 
was also associated with reduced locomotor activity 
(Supplementary Figure 2). There were no differences in faecal 
output (number of pellets produced in 30 min) between any of the 
groups (data not shown). 




Figure 2. (a) Effect of olanzapine (OLZ) 2mgkg~ 1 coadministered 
with vehicle (VEH) or an antibiotic cocktail (ABX) on body weight 
gain in female rats, (b) Area under the curve analysis. *P<0.05, 
***P< 0.001 versus VEH+VEH, # P<0.05 versus OLZ + VEH. N = 9/10. 
Data represent mean ± s.e.m. 



Adipose tissue 

Uterine fat weight. OLZ administration had a significant effect on 
periuterine fat mass (F(1,34) = 22.91, P< 0.001). ABX treatment 
also had a significant effect (F(1, 34) = 23.66, P< 0.001). 

Post hoc analysis revealed that animals receiving OLZ + VEH had 
increased levels of periuterine fat compared with VEH + VEH-treated 
rats (P<0.01). OLZ + ABX-treated animals had significantly lower 
uterine fat compared with OLZ + VEH group (P<0.05) (Figure 3a). 

CD68 expression. CD68 expression was significantly increased by 
OLZ administration (F(1, 34) = 10.10, P<0.01) and there was a 
significant OLZ x ABX interaction (F(1,34) = 5.18, P<0.05). Further 
analysis showed that the animals receiving OLZ + VEH had 
significantly increased expression of CD68 compared with VEH + 
VEH-treated rats (P<0.01). While OLZ + ABX-treated rats had 
significantly lower expression compared with the OLZ + VEH 
group (P<0.05) (Figure 3b). 

Plasma profile 

Free fatty acids. OLZ treatment had a significant effect on plasma 
FFAs (F(1,32) = 6.393, P<0.01). Further analysis showed that 
animals receiving OLZ + VEH had significantly elevated levels of 
FFAs compared with the VEH+VEH group (P<0.01) OLZ 
(2mgkg _1 ). This increase was not seen in rats receiving OLZ + 
ABX, which had reduced levels compared with OLZ + VEH-treated 
animals (P<0.05) (Figure 4a). 

QUICKI. The QUICKI score was significantly affected by OLZ 
administration (F(1, 32) = 53.45, P< 0.001). Posf hoc analysis 
revealed that the animals receiving OLZ + VEH had lower QUICKI 
scores compared with the VEH + VEH-treated rats (P<0.001). 
Furthermore, the animals that received OLZ + ABX had reduced 
QUICKI scores compared with the VEH + ABX-treated rats 
(P< 0.001) (Figure 4b). 
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Figure 3. Effect of olanzapine (OLZ) 2mgkg~ 1 and an antibiotic 
cocktail (ABX), alone and combined, on (a) periuterine fat percentage 
and (b) CD68 mRNA expression in adipose tissue. **P<0.01 versus 
vehicle (VEH) + VEH group. # P<0.05, ## P<0.01 versus OLZ + VEH 
group. N = 9/10. All data represent mean ± s.e.m. 



Liver gene expression 

OLZ had a significant overall effect on sterol-regulatory element 
binding proteinic expression in the liver (F1, 34) = 4.44, P<0.01). 
OLZ + ABX-treated animals had increased expression compared 
with both OLZ + VEH- and VEH + ABX-treated rats (P<0.05) 
(Figure 5a). 

Analysis of the hepatic expression of the lipogenic enzyme fatty 
acid synthase (FAS) revealed a significant OLZ x ABX interaction 
(F(1,34) = 5.87, P<0.05). Further analysis revealed OLZ + VEH- 
treated animals had increased expression compared with VEH + 
VEH-treated rats (P<0.01). This increase was not observed in 
animals receiving OLZ + ABX, which displayed reduced expression 
compared with the OLZ + VEH group (Figure 5b). 

The hepatic expression of another lipogenic enzyme, acetyl Co- 
A carboxylase (ACQ, was significantly affected by both OLZ 
administration (F(1,32) = 5.86, P<0.05) and ABX treatment 
F(1,32) = 8.51, P<0.01) and there was a significant OLZ x ABX 
interaction F(1,32) = 9.17, P<0.01). OLZ + ABX-treated rats 
displayed significantly increased expression of acetyl Co-A 
carboxylase compared with the OLZ + VEH and VEH + ABX groups 
(P<0.01) (Figure 5c). 



DISCUSSION 

As expected, OLZ induced rapid body weight gain and significant 
accretion of visceral fat in line with several previous reports. 28,36 
OLZ was also associated with an altered microbiota, with a shift in 
the abundance of the major phyla observed. The faecal microbiota 
of OLZ-treated rats showed a trend for increases in the phyla 
Firmicutes and concomitant decreases in Bacteriodetes. This same 
shift has previously been associated with an obese phenotype in 
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Figure 4. Effect of olanzapine (OLZ) 2mgkg~ 1 and an antibiotic 
cocktail (ABX), alone and combined, on (a) plasma free fatty acid 
concentration and (b) quantitative insulin sensitivity check index 
(QUICKI). **P<0.01, ***P<0.001 compared with vehicle (VEH) + VEH 
group. # P<0.05 compared with OLZ + VEH; $$$ P< 0.001 compared 
with VEH + ABX-treated animals. N = 9/10. Data represent 
mean ± s.e.m. 



animals and humans 23,37 and was in line with our previous 
findings. 28 

These alterations in the microbiota were likely a consequence of 
metabolic dysfunction induced by OLZ rather than a direct effect. 
That said, it is now clear that the microbiota is an important part of 
metabolic processes in both health and disease states. 38,39 Thus, 
an aberrant gut flora may be viewed as a further aspect in the 
cycle of metabolic dysfunction associated with OLZ. 

In the present study, we markedly altered the microbiota of 
OLZ-treated rats using a cocktail of broad-spectrum antibiotics. 
Although not quantitatively assessed, this cocktail has been 
previously shown to ablate the gut microbiota of rats before 
surgery, 30 and 454 pyrosequencing revealed that the ABX was 
associated with considerable qualitative shifts in the gut flora in 
this study (Figure 1). 

We found that this radical alteration of the gut flora attenuated 
certain clinically relevant side effects of OLZ in the rat, including 
weight gain and visceral fat accumulation. This novel finding 
supports recent work showing antibiotic treatment can prevent 
weight gain in diet-induced obesity models in mice 26,27 

Moreover, coadministration of the ABX resulted in an opposite 
shift in the microbiota to those observed in the rats receiving only 
OLZ. The physiological relevance of shifts at the phyla level as 
observed in this study remain unclear, as several metabolic 
functions are conserved across diverse species and correlating 
changes to a trait as globally pervasive as energy regulation is a 
considerable challenge. 40 Yet, it is conceivable that different 
species confer different effects on the host. Whether OLZ-induced 
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Figure 5. Effect of olanzapine (OLZ) 2 mg kg ~ 1 and an antibiotic 
cocktail (ABX), alone and combined, on (a) sterol-regulatory element 
binding protein (SREBP)-lc; (b) fatty acid synthase (FAS); and 
(c) acetyl-CoA-carboxylase (ACC) mRNA expression in hepatic tissue. 
**P<0.01 versus vehicle (VEH) + VEH group; # P<0.05 versus OLZ + 
VEH group. N = 9/10. Data represent mean±s.e.m. 



alterations in the flora are secondary to metabolic changes or 
indeed have an aetiological role in them remains an unanswered 
question and one that future studies should address. It may be the 
case that even before OLZ treatment patients may have a 
'susceptible' microbiota that puts them at a greater risk of 
developing metabolic disorders once treatment starts. However, 
the rats used in our study were not models of schizophrenia and 
one would expect that they had a healthy microbiota. This 
indicates that the OLZ alone and not the disease, in this case, led 
to the altered microbiota and metabolic dysfunction. 

The mechanisms underlying the prevention of body weight 
gain observed in this study appear to be independent of food 
intake as the ABX did not reduce food consumption over the 
course of OLZ treatment. The reduction in body weight was 
therefore most likely accounted for by a reduction in fat mass, as 
the antibiotic cocktail prevented increases in uterine fat. This is 
particularly relevant to the clinical setting as increased visceral fat 



is a key determinant in the development of insulin resistance and 
the metabolic syndrome. 41 

Interestingly, reduced fat mass was also seen in animals receiving 
antibiotics only, in line with germ-free studies. 20 Although this may 
seem paradoxical, as these animals also displayed a trend for 
increased body weight, it is worth noting that this phenomenon 
has been utilised in the agricultural food industry for many decades, 
as low-dose antibiotics have been used and abused as growth 
promoters to produce larger, leaner animals. 42 

A crucial step in linking increased adipose mass and metabolic 
disease is the recruitment of macrophages, which infiltrate the fat 
tissue and together with the adipocytes release proinflammatory 
cytokines. 43 We found increased expression of CD68, a 
macrophage marker, in the adipose tissue of animals receiving 
OLZ but not in those coadministered with the ABX. The reason for 
macrophage infiltration in obesity is not clear, although it may be 
the result of adipose tissue hypertrophy, which causes adipocyte 
death that in turn leads to the release of signals that recruit 
macrophages 44 Thus, by preventing increases in fat mass, the ABX 
may have indirectly prevented macrophage infiltration. 

Obesity is also associated with adipocyte dysfunction, which 
results in increased release of FFA as the storage capacity of 
adipocytes is reduced in the face of continued energy storage. 
Increased levels of circulating FFA were found in association with 
OLZ treatment in line with previous reports of both patients 45 and 
animals, 46 and moreover these increases were prevented by 
antibiotic treatment. Increased plasma levels of FFA contribute to 
metabolic dysfunction as storage in ectopic sites promotes insulin 
resistance, and increased delivery to the liver stimulates lipogenic 
enzymes. 47 

Antibiotic treatment prevented OLZ-induced increases in gene 
expression of one such lipogenic enzyme, FAS. FAS drives de novo 
lipogenesis in the liver (conversion of carbohydrates to triglycer- 
ides, which are then stored in adipose tissue), and hence reduced 
expression of this enzyme induced by the ABX likely has a role in 
preventing fat deposition in the animals coadministered with the 
ABX. In support of this possibility, the gut microbiota has 
previously been shown to influence the expression of a number 
of lipogenic genes, including FAS, at least in part through effects 
on nutrient absorption 48 

Increased expression of sterol-regulatory element binding 
proteinic and acetyl Co-A carboxylase-1 were, however, only 
observed in animals receiving both OLZ and antibiotics. This is 
contrary to what one might expect, and may be the result of a 
positive feedback mechanisms due to an altered nutrient 
absorption (such as reduced short-chain fatty acid production in 
the antibiotic-treated animals) or the fact that the animals were 
fasted overnight, which is known to decrease sterol-regulatory 
element binding proteinic expression in the rat. 49 

Thus, both direct and indirect effects of alterations to the gut 
microbiota likely have a role in the widespread metabolic benefits 
observed in this study. The effects on the OLZ-induced changes to 
the inter-related factors of FFA levels, lipogenic gene expression 
and visceral fat deposition highlights that the gut microbiota can 
influence the full cycle of metabolic dysfunction associated with 
OLZ, and lends support to the hypothesis that the gut microbiota 
may be a viable therapeutic target for antipsychotic-induced 
weight gain. 

We used the QUICKI as a measure of insulin sensitivity as this 
model is viewed as the most appropriate for animal models, 
especially when estimating whole-body insulin resistance. 50 
Although OLZ resulted in reduced insulin sensitivity as reported 
previously, 51,52 the ABX could not prevent the development of 
insulin resistance. This may have been due to direct effects of OLZ, 
which can cause insulin resistance acutely via direct effects on 
insulin secretion. 53 

Another mechanism potentially involved in the observed effects 
of the antibiotics include pharmacokinetics, as considerable 
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alteration of the gut flora potentially impacts drug absorption and 
metabolism. Hence, active levels of the drug may have been 
diminished, and moreover, interventions involving the microbiota, 
if ever applied clinically, could conceivably impact on the efficacy 
of the antipsychotic, a concern that may warrant investigation in 
the future. 

Of course, widespread use of broad-spectrum antibiotics as an 
adjunctive therapy cannot be advocated because of the well- 
known problem of antibiotic resistance. However, the emergence 
of probiotic, prebiotic and also synbiotic therapies for a variety of 
medical conditions, including obesity, 54 encourages the 
development of such strategies for not only second-generation 
antipsychotic-induced weight gain but also obesity and metabolic 
syndrome in general. These therapies could be administered 
concomitantly with the second-generation antipsychotic therapy, 
for instance, to potentially prevent the shift in flora, altered 
metabolic profile and altered energy extraction from food that 
may occur in patients. Further understanding of host-microbe 
interactions and the effect of specific alterations to the gut on host 
metabolism, such as the recent finding that administration of the 
bacteria Akkermansia muciniphila reversed high-fat diet-induced 
metabolic disorders, 55 may allow for more clinically suitable 
microbial approaches to be investigated. 

Taken together, these findings do however offer an exciting 
proof of principle that manipulation of the gut flora potentially 
represents a new therapeutic strategy for tackling the serious 
clinical problem of antipsychotic-induced metabolic dysfunction. 
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